Background: There is a need for early detection methods for lung cancer. Radiologic imaging may be more sensitive for peripheral cancers than for cancers arising in the central airways, from which bronchial epithelial cells are exfoliated into the sputum. Methods: Sputum samples were collected at baseline and periodically thereafter in a cohort of smokers and former smokers with chronic obstructive lung disease. The association between cytologic atypia and incident lung cancer was assessed by hazard ratios (HR; 95% confidence intervals) using Cox regression and by odds ratios (95% confidence intervals) using logistic regression, adjusting for potential confounding factors. Results: We observed 174 incident lung cancers in a cohort of 2,521 people over 9,869 person-years of observation. Risk for incident lung cancer was increased among those with cytologic atypia graded as
Introduction
The potential value of earlier diagnosis of lung cancer using computerized tomographic (CT) radiologic imaging is now under intensive investigation (1) (2) (3) . If CT imaging is shown to reduce lung cancer mortality with an acceptable balance of benefit and risk, it may well be found to be more sensitive for cancers arising in the peripheral lung fields than for those arising in the more central respiratory airways, where interpretation of CT imaging is less certain. Therefore, any method that might identify lesions in the central airways could be clinically useful to either complement radiologic imaging for case finding, and/or to aid in clinical decisions about the management of CT-detected abnormalities of undetermined importance.
Cytologic atypia of exfoliated cells has been shown to be associated with both prevalent and incident lung cancer (4) (5) (6) (7) (8) (9) (10) . In the Johns Hopkins Lung Project, 14% of the participants with sputum cytologic atypia graded as moderate or worse later progressed to lung cancer as compared with only 3% of those without aytpia (5) . In earlier studies in Colorado, we have also found cytologic atypia to predict lung cancer incidence prospectively in a cohort at high risk for lung cancer (11) . At this point, however, the clinical utility of sputum cytologic atypia is uncertain, as the screening parameters of positive and negative predictive values have not been good enough for clinical utility, and there is not yet any evidence that earlier lung cancer detection by sputum cytology reduces lung cancer mortality risk (12) .
As new radiologic imaging methods are being developed for lung cancer detection, it seems timely to consider whether biomarkers in the sputum might complement imaging as a modality to assist in early lung cancer diagnosis. As a study within the University of Colorado Lung Cancer Specialized Program of Research Excellence, we are following a high-risk cohort to assess whether either sputum cytology or other molecular changes in sputum might be useful early biomarkers of lung cancer risk. This is a report of our analyses of the latency between sputum cytologic changes and lung cancer incidence, and our assessment of whether the association between cytologic changes in sputum might vary according to the histologic type of lung cancer.
Materials and Methods
The University of Colorado Lung Specialized Programs of Research Excellence Cohort Study is an ongoing prospective study initiated in 1993 (11) . Briefly, subjects have been recruited from community and academic pulmonary clinics in the greater Denver, Colorado metropolitan area. The cohort includes adults at high lung cancer risk due to their tobacco smoking history and chronic obstructive pulmonary disease. At the time of enrollment, all subjects were ages 25 years or older, with a cigarette smoking history of 30 or more pack-years, pulmonary airflow obstruction documented by forced expiratory volume in 1 s of 75% or lower than predicted for age, and a ratio of forced expiratory volume to forced vital capacity of 0.75 or lower. Excluded were those who had a diagnosis of cancer within 5 years prior to the time of recruitment (except for non -melanoma skin cancer), a current acute respiratory infection, or who were judged by their physician to have a life expectancy of <5 years.
Patient information, tobacco history, and pulmonary function test results were obtained by interview and examination at the time of enrollment. There were 3,269 patients enrolled into the cohort as of December 31, 2006, but 729 (22.3%) of those enrollees did not submit at least one readable sputum specimen for analysis, 7 (0.2%) were missing a lung cancer diagnosis date, and 12 (0.4%) had lung cancer diagnosed at the time of the baseline examination. This analysis is therefore limited to those 2,521 cohort members who were enrolled in the cohort between 1993 and 2006, who submitted at least one sputum sample for cytologic analysis, and who were not known to have lung cancer at the time of enrollment.
Participants were provided with two containers filled with a fixative solution of 2% carbowax and 50% alcohol and instructed to collect an early morning, spontaneous cough sputum specimen for six consecutive days (3 days in the first container and 3 days in the second container). The second 3-day pooled sputum samples were those examined in this study (13) . Specimens were homogenized, then centrifuged at 1,500 rpm for 15 min, and four slide smears were prepared from the resuspended cell pellets. Slides were then air-dried, fixed with 95% alcohol, and stained using the Papanicolaou technique. Slides were initially screened and categorized by trained cytotechnologists. Final diagnosis was determined in all cases by review of the screened slides by a cytopathologist, and cases were classified as not adequate for diagnosis, normal, squamous metaplasia, mild atypia, moderate atypia, severe atypia, or carcinoma (14) . Interreader reliability of cytology diagnosis among cytopathologists was 85% (15) . Sputum cytology diagnoses were first categorized into five groups (unreadable, normal or squamous metaplasia, mild atypia, moderate atypia, or worse than moderate atypia). Examples of grades of atypia are shown in Fig. 1 .
Subsequent to their enrollment and baseline assessments, each year, all cohort members were mailed a postcard and telephoned to request their continued participation. All cohort members, even those declining to submit serial sputum samples, were also followed annually by matching to the Colorado Central Cancer Registry, to the Colorado Department of Public Health and Environment Vital Statistics records system, and to the National Death Index.
Both in previous studies by others and in our previous analyses, we used moderate or greater cytologic atypia to define the principal cytologic exposure; therefore, that is also the dichotomized cytologic classification in this analysis. Categorical variables were first examined, and differences between lung cancer cases and non-cases were assessed statistically by m 2 testing. With age as the time scale, cohort members were included in a Cox proportional hazards regression model from age at first sputum sample, then censored at the age of death or lung cancer incidence, or at the age at last date of contact if lost to follow-up (16) . Models were developed in two stages for individual risk factors and for sputum cytology. First, crude models for the association between individual risk factors and lung cancer risk were fit, then multivariate models were fit, adjusting for the potential confounding factors of gender, race, smoking status, pack-years of smoking, and year of enrollment into the cohort. In order to use information from all the sputum samples for the analyses of sputum cytology, a time-varying covariate analysis of the repeated measures of sputum cytology was applied. To examine latency between the time of the most recent sputum collection preceding lung cancer incidence, the distribution of latency times for the samples collected closest to the date of lung cancer diagnosis was partitioned into quartiles for the cases. The first available sputum was used for controls (sputum cytologic atypia did not vary across time for controls; data not shown). For each quartile of latency time, a logistic regression model was fit using the cases in that quartile and all controls to examine the crude and adjusted associations between sputum cytology and lung cancer incidence. Covariate adjustment was made for age at enrollment, gender, smoking status, pack-years of smoking, and enrollment year. Those associations were expressed as odds ratios and their corresponding 95% confidence interval (CI). All analyses were carried out using Statistical Analysis Software (SAS, version 9.1, SAS Institute, Inc.). The study protocol was approved by the Colorado Multi-Institutional Review Board.
Results
The cohort was predominantly older (73% were age 60 or older at baseline), Caucasians (90%), males (69%), and former smokers (55%). A finding of moderate atypia or worse in the sputum was apparent among 17.8% of the cohort at the time of the baseline sample collection (Table 1) . Moderate atypia or worse was more common among continuing smokers than among former smokers, but there was no association between sputum atypia and either pack-years of smoking or airflow obstruction in the baseline multivariate models (data not shown). Among the 2,521 cohort members in this analysis, there were 174 documented incident lung cancers, for an incidence of lung cancer of 1.76 per 100 person-years in the entire analytic cohort (95%CI, 1.50-2.03; Table 1 ). Lung cancer risk was higher among males than among females (1.90 versus 1.47), and also higher among continuing smokers than former smokers (1.99 versus 1.58). Lung cancer incidence was also associated with cytologic atypia in the sputum sample collected at baseline [adjusted hazard ratios (HR), 1.84; 1.31-2.57]. The association between sputum cytologic atypia and lung cancer risk was largely independent of gender, time of enrollment, and tobacco use (crude HR, 1.86; adjusted HR, 1.84). The cumulative distribution of time to diagnosis of lung cancer for those with moderate or greater sputum atypia at the time of the baseline sample collection is shown in Fig. 2 , which displays 1 minus the Kaplan-Meier probability of being lung cancer -free. This figure shows that the cumulative lung cancer incidence among those with moderate atypia or worse reaches 10% at f3 years and 17% at f6 years.
The association between sputum atypia and incident lung cancer is stronger when the repeated samples for an individual are modeled as a time-varying covariate, as compared with a single sputum sample taken at the baseline enrollment (HR, 2.37 versus 1.84; Table 2 ). Furthermore, when the most proximal samples are categorized by quartiles of the time between collection and diagnosis, the association is strongest for the cases whose samples were collected within 5 months of diagnosis (adjusted odds ratio, 10.32; 5.34-19.97). The association between atypia and lung cancer is somewhat stronger for men and for current smokers, but the association is considerably stronger for squamous cell cancers (HR, 5.13; 2.89-9.10; Table 3 ).
Discussion
This ongoing cohort study continues to confirm our earlier observation that cytologic atypia predicts incident lung cancer (11) . This analysis strongly suggests that atypia is a late event, however, and that it is most strongly associated with squamous cell cancers. Cytologic atypia could be associated with increased lung cancer risk due to morphologic changes in bronchial epithelial cells that correlate with broad changes in the bronchial epithelium rather than that they arise from cancers per se. Indeed, the observation that atypia is modestly associated with incident lung cancer, even several years before diagnosis, suggests that cytologic morphology could result from field effects in the bronchial epithelium that are linked to increased lung cancer risk. However, our observation that this association is considerably stronger for samples collected within a few months of the diagnosis of lung cancer suggests that late events, perhaps lung cancer itself, also exfoliate abnormal cells into the sputum. Our observation of a much stronger association between sputum atypia and squamous cell lung cancer is consistent with the notion that either cancers per se or fields of abnormal cells that are found with cancer are more likely to exfoliate abnormal cells into the sputum if they are located in the more central airways than in the periphery of the lung. Because CT imaging may well be found to perform better for detecting peripheral cancers than those in the larger, central airways, biomarkers of lung cancer risk in the sputum may be found to be complementary to CT imaging (1, 2) .
An important weakness of this study is also a weakness of the entire field of cytology-the uncertainties of pattern recognition and classification by cytopathologists (17) . Importantly, however, as these readings were all made prior to the diagnosis of lung cancer, so the cytologic readings were not biased relative to the later diagnosis and any misclassification in the readings would have biased our findings toward the null.
In conclusion, this prospective study of individuals at high risk for lung cancer shows that sputum cytologic atypia predicts increased lung cancer risk. These findings may be due both to the exfoliation of cytologically abnormal cells coming from fields of abnormal respiratory epithelium that give rise to lung cancer, and/or from early lung cancers themselves. Because cytologic morphology might eventually be found to have insufficient sensitivity and specificity for early changes leading to lung cancer, we are examining other biomarkers in the sputum in this same cohort, including fluorescence in situ hybridization assays of chromosomal changes and methylation of various cancer-related genes (18, 19) . Further studies are needed to assess the clinical utility of multiple biomarkers in sputum, including changes in cytology as well as changes in chromosomal and epigenetic biomarkers in the sputum. We suspect that these biomarkers may together constitute a useful complement to CT radiologic imaging for early lung cancer diagnosis.
